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Abstract. In the present investigation, we have studied the
response of the ionospheric F-region in the Latin American
sector during the intense geomagnetic storm of 21–22 Jan-
uary 2005. This geomagnetic storm has been considered
“anomalous” (minimum Dst reached −105nT at 07:00UT
on 22 January) because the main storm phase occurred dur-
ing the northward excursion of the Bz component of inter-
planetary magnetic ﬁelds (IMFs). The monthly mean F10.7
solar ﬂux for the month of January 2005 was 99.0sfu. The F-
region parameters observed by ionosondes at Ramey (RAM;
18.5◦ N, 67.1◦ W), Puerto Rico, Jicamarca (JIC; 12.0◦ S,
76.8◦ W), Peru, Manaus (MAN; 2.9◦ S, 60.0◦ W), and S˜ ao
Jos´ e dos Campos (SJC; 23.2◦ S, 45.9◦ W), Brazil, during
21–22 January (geomagnetically disturbed) and 25 January
(geomagnetically quiet) have been analyzed. Both JIC and
MAN, the equatorial stations, show unusually rapid uplift-
ing of the F-region peak heights (hpF2/hmF2) and a decrease
in the NmF2 coincident with the time of storm sudden com-
mencement (SSC). The observed variations in the F-region
ionospheric parameters are compared with the TIMEGCM
model run for 21–22 January and the model results show
both similarities and differences from the observed results.
Average GPS-TEC (21, 22 and 25 January) and phase ﬂuc-
tuations (21, 22, 25, 26 January) observed at Belem (BELE;
1.5◦ S, 48.5◦ W), Brasilia (BRAZ; 15.9◦ S, 47.9◦ W), Presi-
dente Prudente (UEPP; 22.3◦ S, 51.4◦ W), and Porto Alegre
(POAL; 30.1◦ S, 51.1◦ W), Brazil, are also presented. These
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GPS stations belong to the RBMC/IBGE network of Brazil.
A few hours after the onset of the storm, large enhancements
in the VTEC and NmF2 between about 20:00 and 24:00UT
on 21 January were observed at all the stations. However, the
increase in VTEC was greatest at the near equatorial station
(BELE) and enhancements in VTEC decreased with latitude.
Itshouldbepointedoutthatnophaseﬂuctuationsorspread-F
were observed in the Latin American sector during the post-
sunset pre-reversal time in the geomagnetic disturbance (21
January). The disturbance dynamo electric ﬁeld possibly re-
sultedindownwarddriftof theF-regionplasmaandinhibited
the formation of spread-F.
Keywords. Ionosphere (Ionosphere-magnetosphere interac-
tions)
1 Introduction
Ionospheric storms are closely associated with geomag-
netic storms and are an extreme example of space weather
events. The response of the ionosphere to storms is rather
complicated. As mentioned by Schunk and Sojka (1996)
weather disturbances in the ionosphere-thermosphere sys-
tem can have a detrimental effect on both ground-based and
space-based systems. Several investigators (e.g. Orus et al.,
2007; Sreeja et al., 2009; Kane, 2009; Matthi¨ a et al., 2009;
McKenna-Lawlor et al., 2010) have studied different aspects
associated with the geomagnetic storm or geomagnetic dis-
turbed period around the third week of January 2005. Du et
al. (2008) have investigated the storm on 21–22 January 2005
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and called it an “anomalous” geomagnetic storm as the storm
main phase occurs during northward interplanetary magnetic
ﬁelds (IMFs). As described by Lee et al. (2010), a south-
ward IMF condition is generally considered to be the most
fundamental precondition for a storm or substorm to occur.
The Dst index typically starts to decrease about an hour after
the IMF turns southward. After the IMF has turned north-
ward, the storm starts to recover. Delays normally have never
been longer than one or at most two hours when the Dst in-
dex starts to decrease. Lee et al. (2010) in their recent pa-
per entitled “Can intense substorms occur under northward
IMF conditions” mention that the occurrence of such (in-
tense) substorms implies that a certain (large) amount of en-
ergy remains in the tail even under northward IMF condi-
tions. Crowley et al. (2010) also showed that large amounts
of energy can be deposited into the high latitude regions dur-
ing Bz northward or strong By conditions, driving large per-
turbationsintheneutraldensityattimeswhentheywouldnot
previously have been expected. However, they argue that the
energy is deposited as a result of reconnection in the lobes
under Bz northward or strong By conditions, and not stored
in the tail.
As mentioned by Schunk and Sojka (1996), geomagnetic
storms occur when there is a large sudden increase in the so-
lar wind speed. A typical geomagnetic storm generally has
three phases; initial, main and recovery. Frequently, storms
begin abruptly with sudden storm commencement (SSC),
but storms can also begin gradually without an SSC. Dur-
ing the main or growth phase, the magnetospheric electric
ﬁeld and particle precipitation patterns expand, the electric
ﬁelds become stronger, and precipitation becomes more in-
tense with increased Joule and particle heating, and electro-
jet currents. Schunk and Sojka (1996) further point out that
the energy input to the upper atmosphere maximizes dur-
ing the main or growth phase, while during the recovery
phase the geomagnetic activity and energy input decrease.
As described by Abdu (1997; see also Buonsanto, 1999) ma-
jor modiﬁcations in the equatorial ionosphere-thermosphere
system during magnetospheric disturbances are produced by
(a) prompt equatorward penetration of magnetospheric/high
latitudeelectricﬁelds(seealsoSeniorandBlanc, 1984; Spiro
et al., 1988), and (b) disturbance dynamo driven by en-
hanced global thermospheric circulation resulting from en-
ergy input at high latitude (see also Blanc and Richmond,
1980). Recently, Kikuchi et al. (2008) and Veenadhari et
al. (2010) have investigated penetration of magnetospheric
electric ﬁelds to the equator during magnetic disturbances.
In this paper, ionospheric observations (ionospheric
sounding and GPS) obtained in the Latin American sector
at several stations during the geomagnetic storm on 21–22
January 2005 are presented. The principal objectives of the
present investigation have been to study the presence or ab-
sence of equatorial spread-F (ESF) and dynamics of the F-
region in the Latin American sector during this anomalous
geomagnetic storm. A comparison of the ionospheric sound-
ing observations with the TIME-GCM results is also pre-
sented. The ionospheric sounding observations obtained on
21 (
P
Kp=35−) and 22 (
P
Kp=32) January at different sta-
tions during a geomagnetic disturbed period are compared
with quiet time observations on 25 (
P
Kp=8−) January.
2 Observations
McKenna-Lawlor et al. (2010) described a large solar ﬂare
on 20 January 2005 that was accompanied by a coronal
mass ejection (CME) which arrived at the magnetopause at
about 17:12UT, 21 January, and produced a strong pres-
sure pulse. Following the CME, an intense geomagnetic
storm occurred on 21–22 January 2005, with sudden storm
commencement (SSC) at 17:12UT on 21 January. A min-
imum Dst of −105nT was attained at 07:00 UT on 22
January. In this paper we present and discuss simultane-
ous ionospheric sounding observations obtained by the UNI-
VAP network (using Canadian Advanced Digital Ionoson-
des (CADIs), (Grant et al., 1995) on UT days 21, 22 Jan-
uary (geomagnetically disturbed), and 25 January (geomag-
netically quiet) at S˜ ao Jos´ e dos Campos (hereafter referred
as SJC; 23.2◦ S, 45.9◦ W; dip latitude 18.1◦ S) and Man-
aus (hereafter referred as MAN; 2.9◦ S, 60.0◦ W; dip latitude
5.8◦ N), Brazil. We also present data from digisonde stations
at Ramey (hereafter referred as RAM; 18.5◦ N, 67.1◦ W; dip
latitude 27.5◦ N), Puerto Rico, and Jicamarca (hereafter re-
ferred as JIC; 12.0◦ S, 76.8◦ W; dip latitude 0.4◦ N), Peru.
The different ionospheric parameters reported here from SJC
and MAN (every 15min) were obtained using the com-
puter program developed at UNIVAP as “UNIVAP Digi-
tal Ionosonde Data Analysis – UDIDA”, and those from
RAM and JIC (every 15min) were obtained from the website
http://ulcar.uml.edu/DIDB/DIDBHome.html. The GPS-TEC
and phase ﬂuctuations (rate of change of TEC, TECmin−1)
data on 21, 22 and 25 January are presented from 4 stations:
Belem (hereafter referred as BELE; 1.5◦ S, 48.5◦ W; dip lat-
itude 1.7◦ N), Brasilia (hereafter referred as BRAZ; 15.9◦ S,
47.9◦ W; dip latitude 11.1◦ S), Presidente Prudente (hereafter
referredasUEPP;22.3◦ S,51.4◦ W;diplatitude14.6◦ S),and
Porto Alegre (hereafter referred as POAL; 30.1◦ S, 51.1◦ W;
dip latitude 20.5◦ S), Brazil. All the GPS stations belong to
the “Rede Brasileira de Monitoramento Continuo (RBMC)”
operated by the “Instituto Brasileiro de Geograﬁa e Estatis-
tica (IBGE)”.
All the Brazilian monitoring stations (SJC, BELE, BRAZ,
UEPP and POAL) have UT=LT+3h, except MAN which
has UT=LT+4h. RAM and JIC have UT=LT+5h. Dip
latitudes for different stations were calculated using IGRF-
10 (2005) at an altitude of 300km. Figure 1 shows a map
of the locations of the digital ionosonde and GPS receiver
stations in Brazil. It should be mentioned that Manaus and
Belem are equatorial stations and will see the equatorial
uplifting more clearly. Whereas other stations are located
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Figure 1   678 
Fig. 1. A map of South America showing the locations of the digital
ionosonde and GPS stations in Brazil, used in the present investiga-
tions. Also, geographic and dip equators are shown.
in low latitude region and typically see the fountain effect
more clearly. However, the exact latitude of the dominant
downward ﬂow cannot be easily determined. The domi-
nance occurs when the vertical (downward) component of
the ﬁeld-aligned plasma ﬂow is greater than the vertical (up-
ward) component of the E ×B drift. Also, the observed
ionospheric parameters during the storm at different stations
are compared with from the TIME-GCM (Thermosphere-
Ionosphere-Mesosphere-Electrodynamics General Circula-
tion Model) (Roble and Ridley, 1994; Crowley et al., 1999,
2010) simulation results.
Figure 2 shows the variations of the geomagnetic indices
(Kp, AE, and Dst), solar wind (number density and velocity),
interplanetary magnetic ﬁeld (IMF – three magnetic ﬁeld
components Bx, By, and Bz), and total magnetic ﬁeld (B),
observed on UT days 21 and 22 January. The solar wind
and IMF data were obtained from the ACE satellite web-
sitehttp://www.srl.caltech.edu/ACE/. Itshouldbementioned
that the maximum in dDst/dt (rate change of Dst) was be-
tween 20:00 and 21:00UT and the peak AE of about 3000nT
occurred at 17:45UT. A maximum value of AE could be
caused by a substorm expansion phase or by solar wind pres-
sure impulse.
Various solar wind and ground-based magnetometer re-
sultsareshowninFig.3for21January2005. Duetal.(2008)
mention a possible explanation (for the anomalous geomag-
netic storm of 21–22 January 2005) that there is ﬁrst energy
storage in the magnetotail and then a delayed energy injec-
tion into the inner magnetosphere. In other words their in-
terpretation is that the energy input was associated with the
southward IMF ﬁeld evident in Fig. 3 (second panel from
top). However, it appears that this event is very unusual be-
cause the solar wind pressure reaches to about 100nPa (top
panel of Fig. 3). The solar wind energy is transferred to
the magnetotail during the period of southward IMF between
18:00 and 19:00UT. The magnetotail is greatly compressed
by the extreme solar wind pressure after 18:45UT, and the
energy previously stored in the magnetotail is then released
and causes the enhancement of the ring current and the storm
main phase. The bottom panel in Fig. 3 shows the difference
between the northward magnetic ﬁelds at JIC (dip latitude
0.4◦ N) and Piura (dip latitude 6.8◦ N), Peru, which is also
termed the equatorial electrojet (Anderson et al., 2002). It is
observed in Fig. 3, positive electrojet occurs between about
17:25 and 20:00UT, corresponding to an eastward electric
ﬁeld in this interval. The eastward electrojet/electric ﬁeld
lasts until about 20:00UT, covering most of the storm main
phase. In addition as described by Huang et al. (2008), solar
wind pressure enhancements, without geomagnetic storms,
can cause an eastward penetration electric ﬁeld in the day-
side equatorial ionosphere (see hpF2/hmF2 at JIC and MAN
in Fig. 4).
3 Thermosphere-Ionosphere-Mesosphere-
Electrodynamics Genaral Circulation Model (TIME-
GCM)
The Thermosphere Ionosphere Mesosphere Electrodynam-
ics General Circulation Model (TIME-GCM) developed by
Roble and Ridley (1994) predicts winds, temperatures, ma-
jor and minor species concentrations, electron densities and
electrodynamic quantities globally from 30km to about
600km altitude. The standard TIME-GCM uses a ﬁxed geo-
graphic grid with a 5◦×5◦ horizontal resolution, and a ver-
tical resolution of a half pressure scale height. The model
time-step is typically 2–3min, but rapid changes and storms
usually require 1min time-steps to maintain model stability.
The TIME-GCM has played an important role in understand-
ing the characteristics of the upper atmosphere. An essen-
tial part of the TIME-GCM’s success is due to its detailed
input speciﬁcation. Among the inputs is the solar ultravio-
let ﬂux at 57 key wavelengths, parameterized by the solar
10.7cm radio ﬂux (F10.7), as discussed by Roble (1995), and
seasonal climatology for tidal inputs at the lower boundary.
Properties of the semidiurnal tides propagating up from the
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Figure 2  680 
Fig. 2. Variations of geomagnetic indices (Kp, AE, and Dst), solar wind (number density and velocity), and interplanetary magnetic ﬁeld
(IMF) (total (B) and three components viz., Bx, By, and Bz) observed on 21 and 22 January 2005. The solar wind and IMF data were
obtained from the ACE satellite site http://www.srl.caltech.edu/ACE/.
lower atmosphere are generally unknown for speciﬁc simu-
lation intervals, and are speciﬁed at the lower boundary of
the TIME-GCM (e.g. Fesen et al., 1986) using seasonal av-
erages derived from the Global Scale Wave Model of Hagan
et al. (1999), although they can be tuned for speciﬁc dates if
sufﬁcient tidal data are available.
Other inputs required by the TIME-GCM include high
latitude particle precipitation and electric ﬁelds in order to
correctly specify the Joule heating and momentum forcing.
Roble and Ridley (1987) developed an analytical formula-
tion of the auroral oval, and introduced the use of the analyt-
ical Heelis convection model (Heelis et al., 1982), including
distortions attributable to the interplanetary magnetic ﬁeld
(IMF) By component. Instead of these simple climatolog-
ical electrodynamics inputs, the TIME-GCM can be driven
using high latitude inputs from the Assimilative Mapping of
Ionospheric Electrodynamics (AMIE) algorithm developed
by Richmond and Kamide (1988) and Richmond (1992).
This approach was pioneered by Crowley et al. (1989), and
subsequent papers.
Obviously, the quality of the model inputs determines the
quality of the outputs. For this study, the TIME-GCM was
driven by high latitude electrodynamic ﬁelds from the AMIE
algorithm. The AMIE algorithm is run routinely at AS-
TRA, ingesting data from ground-based magnetometers, Su-
perDARN radars and DMSP satellites. Due to the assimila-
tive nature of the AMIE technique, AMIE provides the most
accurate distributions of the high latitude electrodynamics
available to the community. The AMIE potential pattern
is provided on a 1.5 degree latitude grid with a 5min ca-
dence. The AMIE inputs to the TIME-GCM are then also
updated on a 5-min cadence so that the TIME-GCM can re-
produce with high ﬁdelity the variability of the storm-time
energy inputs to the atmosphere. There is a signiﬁcant im-
provement in the ﬁdelity with which the TIME-GCM re-
produces the behavior of the global thermosphere and iono-
sphere when AMIE is used, rather than climatological high
latitudeinputs. TheAMIEﬁeldsincludetheelectricﬁelddis-
tribution, and particle precipitation. The improved ﬁdelity in
the TIME-GCM storm simulations that arises from using the
high cadence AMIE drivers has been demonstrated in vari-
ous simulations, such as the November 2003 storm (Crowley
and Meier, 2008). The particle precipitation speciﬁed in the
TIME-GCM produces changes in the high latitude conduc-
tivitydistribution. Atthesametime, thehighlatitudeE-ﬁelds
then produce enhanced Joule heating and momentum forcing
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Figure 3  682  Fig. 3. Time variations of solar wind pressure (nPa), IMF Bz (nT),
sym-H (nT), and difference between northward magnetic ﬁelds at
Jicamarca and Piura, Peru, during the period 10:00 to 24:00UT on
21 January 2005.
in the model that also vary with a 5min cadence, producing
a realistic storm-time response in the model. To be clear,
there is no single potential pattern driving the TIME-GCM;
since the AMIE ﬁelds are driven by actual data from ground-
based magnetometers, SuperDARN radars and DMSP satel-
lites, the potential patterns are highly variable.
For the current storm study, the high latitude energy in-
puts to the model are illustrated by Fig. 4a and b, which
showthetimeseriesoftheHemisphericPower, andthehemi-
spheric integrated Joule heating for the Northern Hemisphere
from AMIE, respectively. The hemispheric power provides
a measure of the energy inputs from the particles in the au-
rora. The peak energy inputs to the storm occurred around
20:00UT, when the Hemispheric Power input reached val-
ues near 500GW, and the Joule heating was about 1200GW
in the Northern Hemisphere.
4 Results and discussion
Figures 5 and 6 show, respectively, the time variations of the
observed peak electron density (NmF2m−3) (red lines) and
peak height (hpF2=virtual height at 0.834foF2) (red lines)
Fig. 4a. The time series of the Hemispheric Power from AMIE.
Fig. 4b. The time series of the hemispheric integrated Joule heating
for the Northern Hemisphere from AMIE.
of the ionospheric F-region at RAM, JIC, MAN, and SJC on
UTdays21and22January(geomagneticallydisturbed). The
corresponding quiet ionospheric parameters (green lines) ob-
served at different ionospheric sounding stations on 25 Jan-
uary (green lines) are also shown in Figs. 5 and 6, together
with ionospheric parameters (NmF2 and hmF2) calculated by
the TIME-GCM (black lines). In the present investigation
the observed hpF2 values at the Brazilian ionospheric sound-
ing stations MAN and SJC (it is much easier to get these
values from the ionograms through the computer program
UDIDA) have been compared with hmF2 calculated by the
TIME-GCM. Itshould be mentionedthat Batista etal. (1991)
have shown that the parameter hpF2 (obtained directly from
ionograms) could differ from the parameter hmF2 (obtained
through height inversion of ionograms) by ≤50km during
daytime and by ≤10km during nighttime. Since the peak
www.ann-geophys.net/29/919/2011/ Ann. Geophys., 29, 919–929, 2011924 Y. Sahai et al.: Studies of ionospheric F-region response in the Latin American sector
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Figure 5 
  Fig. 5. Time variations of peak electron density of the ionospheric
F-region (NmF2) (m−3) observed on 21 and 22 January 2005 at
Ramey (dip lat. 22.7◦ N), Jicamarca (dip lat. 0.4◦ N), Manaus (dip
lat. 5.8◦ N), and S. J. Campos (dip lat. 18.1◦ S) (red lines) along
with the TIME-GCM results (black lines). Also, NmF2 observa-
tions at the four stations on a quiet day (25 January 2005) (green
lines) are shown. The hatched vertical line on 21 January indicates
the time (17:12UT) of storm sudden commencement (SSC).
height changes are fairly large during the storm, it appears
that the use of the ionospheric parameter hpF2 even during
the daytime is probably reasonable.
The TIME-GCM was run with appropriate forcing for the
geomagnetic disturbance and solar ﬂux on UT days 21 and
22 January. Speciﬁcally, the high latitude particle and con-
vection forcing is speciﬁed by the Assimilative Mapping
of Ionospheric Electrodynamics (AMIE) technique. AMIE
assimilates magnetometer, DMSP and SuperDARN data to
produce the electrodynamic speciﬁcation (see Crowley et al.,
2010) used by the TIME-GCM. AMIE is run at a 5min ca-
dence, and so the TIME-GCM is able to capture much of the
variability in the forcing.
A perusal of Fig. 5 indicates that the observed NmF2 at
different ionospheric sounding stations after the SSC on 21
January and NmF2 simulated by the TIME-GCM are often
fairly similar (although there are some differences). Sig-
niﬁcant differences exist between the TIME-GCM simula-
tions and observations in NmF2 at equatorial stations (JIC
and MAN) during 17:20 and 20:00UT on 21 January. The
model appears not to have captured the remarkable observed
NmF2 decreases during this period, and the model does not
reproduce the 200km increase of hmF2 at both stations.
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         Figure  6  692 
Fig. 6. Time variations of peak height of the ionospheric F-
region (hpF2=virtual height at 0.834foF2) (km) observed on 21
and 22 January 2005 at Manaus (dip lat. 5.8◦ N) and S. J. Cam-
pos (dip lat. 18.1◦ S) (red lines). In addition, time variations of
peak height of the ionospheric F-region hmF2 (km) observed on 21
and 22 January 2005 at Ramey (dip lat. 22.7◦ N) and Jicamarca (dip
lat. 0.4◦ N) are shown (red lines). The TIME-GCM hmF2 results for
different stations are shown (black lines). Also, hpF2/hmF2 obser-
vations at the four stations on a quiet day (25 January 2005) (green
lines) are shown. The hatched vertical line on 21 January indicates
the time (17:12UT) of storm sudden commencement (SSC).
The arrival of the penetration electric ﬁeld can be identi-
ﬁed from the equatorial electrojet. As presented in the bot-
tom panel of Fig. 3, the electrojet shows a sudden increase
at 17:23UT. An enhancement of the eastward electrojet cor-
responds to an increase of an eastward electric ﬁeld. The
remarkable correlation between the solar wind change and
the enhancement of the electrojet clearly indicates the arrival
of the penetration electric ﬁeld at the equatorial ionosphere.
The effect of the penetration electric ﬁeld can be identi-
ﬁed most easily from the equatorial stations. The electric
ﬁeld causes an enhanced fountain process and results in the
decrease of the electron density and TEC over the magnetic
equator, such as the stations at JIC and MAN. In contrast,
SJC(diplatitude18.1◦ S)andRAM(diplatitude27.5◦ N)are
located at higher low and middle latitudes. An eastward pen-
etration electric ﬁeld will cause an upward ExB drift in the
equatorial region (MAN and JIC), and the plasma particles
then ﬂow down along geomagnetic ﬁeld lines. In general,
the change of the F-region electron density or TEC at mid-
dle latitudes caused by penetration electric ﬁelds is weaker
than that at the magnetic equator. Penetration electric ﬁelds
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Figure 7  695  Fig. 7. Average vertical total electron content (VTEC) (TECU) ob-
served at Belem (dip lat. 1.7◦ N), Brasilia (dip lat. 11.1◦ S), Presi-
dent Prudente (dip lat. 14.6◦ S) and Porto Alegre (dip lat. 20.5◦ S)
on 21 (red lines), 22 (red lines), and 25 (green lines) January 2005.
The dark portions indicate nighttime for these four stations (21:00–
09:00UT).
should occur at higher low and middle latitudes, but its effect
on VTEC is relatively weak.
In short, the observed phenomenon is clearly related to
the prompt penetration electric ﬁeld and enhanced equato-
rial fountain effects. The eastward electric ﬁeld moves the
equatorial F-region to higher altitudes, and the plasma par-
ticles ﬂow downward to higher latitudes along the geomag-
netic ﬁeld lines and result in the density decrease over the
equator.
The simulations of TIME-GCM perhaps do not include
the appropriate prompt penetration electric ﬁelds in this case,
which would give rise to the differences. The similarity be-
tween the TIME-GCM simulation and observations is much
closer at near mid-latitude station RAM. Figures 5 and 6 in-
dicate that the observed NmF2 and hmF2 values at RAM are
fairly close to the simulated values from the TIME-GCM
results. The model appears to underestimate the hmF2 and
NmF2 for much of the time at SJC, although the pre-reversal
enhancement at 20:00–22:00UT during the storm period ap-
pears to be reasonably well modeled.
Figure 7 shows the average vertical total electron content
(VTEC) observed at BELE, BRAZ, UEPP and POAL on UT
days 21 and 22 January (red lines). The observations of av-
erage quiet time VTEC from 25 January (green lines) have
also been repeated on 21 and 22 January for comparison.
Figure 7 shows large increases in the average VTEC at all
the GPS receiving stations soon after the SSC (20:00UT)
and positive ionospheric storm phase (10:00UT on 22 Jan-
uary) at BELE and BRAZ during the recovery phase. At
all the four sites, the average VTEC was enhanced during
20:00–24:00UT on 21 January consistent with the NmF2 in-
creases noted in Fig. 5. Since the AE maximum occurred at
17:45UT, then disturbance dynamo effects had enough time
(3–4h) to reach the sector under consideration by the local
post-sunset time and could reduce the normal upward drift,
thus causing the height reductions in Fig. 6.
After 00:00UT on 22 January, the VTEC was well below
the quiet level consistent with the low NmF2 shown in Fig. 5.
The decrease of nighttime VTEC is a typical signature of
negative ionospheric storms. During the later main phase or
recoveryphaseofageomagneticstorm, compositionchanges
of the atmosphere can propagate to low latitudes, and an en-
hanced N2 component causes the decrease of the plasma den-
sity (e.g. Crowley et al., 1989; Meier et al., 2005; Crowley
and Meier, 2008).
Figure 8 shows the variations of the F-peak virtual height
for six different frequencies (3 to 8MHz) observed at Man-
aus and S. J. Campos on 21, 22, 25, and 26 January 2005. On
the storm day of 21 January, the F-layer over the equatorial
station, MAN, moved upward during 17:12–20:00UT, but
the movement became downward during 20:00–24:00UT. In
contrast, theF-layeroverthelowlatitudestation, SJC,started
to move upward at ∼20:00UT, and the upward movement
lasted ∼2.5h. These features can also be clearly seen in
Fig. 8.
Figure 7 shows that the average VTEC was enhanced over
four GPS stations located between dip latitude 1.7◦ N and
20.5◦ S during 20:00–24:00UT on 21 January. Although
there was no measurement of VTEC over MAN, it can be
seen in Fig. 5 that the F-region peak electron density, NmF2,
also showed a large increase during this period. An unusual
phenomenon is that VTEC over middle and low latitudes was
enhanced although the F-layer moved downward at the equa-
torial latitudes but upward at low and middle latitudes.
In order to explain the observations, it is necessary to con-
sider what caused the vertical movement of the ionospheric
F-layer. As presented in Fig. 5, the dayside ionospheric elec-
tric ﬁeld was eastward during 17:23–20:00UT on 21 January
and became westward during 20:00–24:00UT. The eastward
electric ﬁeld was the penetration electric ﬁeld driven by the
large solar wind pressure (Huang et al., 2008) and caused
enhanced equatorial fountain effect.
Penetration electric ﬁelds cause an enhanced fountain ef-
fect over the magnetic equator and results in a decrease of
plasma density and VTEC. The daytime westward electric
ﬁeld after 20:00UT is most likely to be driven by the distur-
bance dynamo process and causes a reverse fountain (Balan
et al., 1995, 1997), which can also result in changes of
VTEC.
The F-region peak height over the equatorial region (JIC
and MAN) moved upward during 17:23–20:00UT, and
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Fig. 8. Plots of virtual height variations for six different frequencies
(3 to 8MHz) (Iso-frequencies) observed at Manaus (top panel) and
S. J. Campos (bottom panel) for UT days 21, 22, 25, and 26 January
2005.
NmF2 was decreased. The ionospheric electric ﬁeld became
westward after 20:00UT. A westward electric ﬁeld drives the
F-layer to move downward and causes an increase of the
F-peak density and TEC. The downward movement of the
F-layer and the resultant increase of NmF2/TEC with west-
ward electric ﬁeld are the opposite process of the enhanced
fountain with eastward electric ﬁeld, which was termed the
reverse fountain by Balan et al. (1995, 1997). Our observa-
tionsareconsistentwiththesimulationsofBalanetal.(1995,
1997).
The westward electric ﬁeld after 20:00UT on 21 January
was probably produced through the wind disturbance dy-
namo. Neutral wind disturbances cause the movement of
plasma particles along the geomagnetic ﬁeld lines. The mag-
netic ﬁeld lines are nearly horizontal over the equatorial re-
gion, so neutral winds cannot directly drive plasma motion
in the vertical direction through neutral-ion collisions. The
vertical movement of the equatorial F-layer is primarily con-
trolled by the dynamo electric ﬁeld. At low and middle lat-
itudes, the movement of the F-layer is determined by the
combined contribution of neutral winds and dynamo elec-
tric ﬁeld. The wind disturbances are generated in the auroral
zone and travel toward the equatorial region. The equator-
ward winds push the plasma particles to move upward along
the magnetic ﬁeld lines, while the westward dynamo electric
ﬁeld drives the plasma particles to move downward across
the ﬁeld lines. If the wind effect dominates over the dynamo
effect, the F-layer at low and middle latitude will move to
higher altitudes, resulting in an increase of NmF2 and TEC.
In our case, the NmF2 and VTEC at low and middle lati-
tudes were enhanced during 20:00–24:00UT on 21 January,
implying that the disturbance winds were dominant there.
Figure 9 shows the GPS phase ﬂuctuations (Aarons et al.,
1996) (time rate change of TEC in the units of TECUmin−1)
on 21, 22, 25, and 26 January. These phase ﬂuctuations in-
dicate the presence or absence of a few km scale-size equa-
torial ionospheric irregularities or equatorial spread-F (ESF)
(Aarons et al., 1997). It is observed from Fig. 9, that no
phase ﬂuctuations are present on the storm night of 21–22
January. All the other nights (20–21, 22–23, 24–25, 25–26,
and 26–27 January) show the presence of phase ﬂuctuations
up to UEPP in the pre-midnight (local-time) sector starting
at about 21:00LT. As mentioned earlier this could be due
to disturbance dynamo effect. Sahai et al. (2000) using the
OI 630nm all-sky imaging observations of equatorial plasma
bubble observations have previously noted the frequent oc-
currence of ESF during the month of January in both high
and low solar activity. Abdu (1997) has pointed out that
while the prompt penetration enhances the upward drift and
the disturbance dynamo tends to reduce the upward drifts in-
hibiting the formation of ESF.
As mentioned earlier the magnetic storm on 21 January
was unusual because the main phase of the storm occurred
during northward IMF and the maximum dDst/dt was be-
tween 20:00 and 22:00UT under northward IMF. The iono-
spheric electric ﬁeld during northward IMF should be con-
trolled by the normal electrodynamic process. There are
clear indications of pre-reversal enhancements during quiet
times on 22, 25, and 26 January (Figs. 6 and 8). A check of
the Jicamarca magnetometer data indicated the electrojet was
negative during this period and implies that the dayside equa-
torial ionospheric electric ﬁeld was westward between 20:00
and 22:00UT. The ionospheric electric ﬁeld should be the
disturbance dynamo electric ﬁeld. This dynamo ﬁeld would
cause a downward drift of the F-region plasma. Therefore,
the disturbance dynamo electric ﬁeld inhibited the formation
of ESF in the Latin American sector on this geomagnetically
disturbed night.
Figure 10 shows global GPS-TEC maps for three UT
times on 21 and 22 January (left hand column). The three
storm times are 14:00UT on 21 January (before the storm);
22:00UT on 21 January (during the storm); 16:00UT on
22 January (recovery phase). The corresponding quiet-time
GPS maps obtained on 25 January are also shown in the
right hand column for comparison. A comparative study of
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Fig. 9. Phase ﬂuctuations (time rate change of TEC (TECUmin−1) observed at Belem, Brasilia, President Prudente, and Porto Alegre on
21, 22, and 25 January 2005.
storm and quiet periods clearly shows the strong effect of the
storm on global TEC. Figure 10 (middle panel) shows much
stronger formation of the equatorial ionospheric anomaly
(EIA) in the Paciﬁc Ocean region during the storm condi-
tions.
5 Conclusions
In this paper, we present the analysis of the response of
the ionospheric F-region in the Latin American sector dur-
ing the intense geomagnetic storm on 21–22 January 2005,
using ionospheric sounding observations from four stations
covering the equatorial to mid-latitude stations. We also
present the GPS observations from four receiving stations in
the Brazilian sector during the storm and quiet periods. The
principal results are as follows:
1. An unusual uplifting of the F-layer peak soon after the
SSC at JIC and MAN (Fig. 6), possibly due to prompt
penetration electric ﬁeld in the dayside ionosphere. A
decrease in NmF2 at JIC and MAN during this period of
uplifting has been observed (Fig. 5). However, the mid-
latitude station RAM shows a small increase in NmF2
at this time.
2. The VTEC (BELE, BRAZ, UEPP, and POAL; Brazilian
sector; Fig. 7) and NmF2 (RAM, JIC, MAN, and SJC;
Latin American sector; Fig. 5) were enhanced during
20:00–24:00UT on 21 January.
3. Both the NmF2 and VTEC (except NmF2 at RAM;
Fig. 5) were well below quiet levels in the Brazilian sec-
tor after 00:00UT on 22 January (Figs. 5 and 7).
4. Normally during the month of January, we have post-
sunset ESF on all the nights in the Brazilian sector. This
is clearly seen in Fig. 9 (see also Fig. 6; spread-F) as
phase ﬂuctuations on the nights of 20–21, 24–25, 25–
26, and 26–27 January. However, on the night of 21–22
January (geomagnetic storm), we have a suppression ef-
fect due to the disturbance electric ﬁeld which inhibited
the development of ESF.
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Fig. 10. Three GPS-TEC maps for 21 and 22 January (14:00UT
– before the storm; 22:00UT – during the storm; 16:00UT – re-
covery phase) (left hand column) and three GPS-TEC maps for 25
January geomagnetically quiet (right hand column) conditions for
comparison.
5. Drastic TEC variations due to the storm can be seen in
Fig. 10. The middle panel of Fig. 10 shows intensiﬁca-
tion during the storm in the EIA region (stronger effect
is seen in the Paciﬁc region, which is in daytime). Pos-
sibly the prompt penetrating electric ﬁeld in the daytime
ionosphere caused extreme E ×B uplift in the equato-
rial region resulting in stronger EIA in this sector.
6. Thechangesinionosphericparametersespeciallyatlow
and equatorial latitudes should be due to prompt pen-
etration electric ﬁelds than disturbance dynamo but it
also depends on local time, phase of the storm and IMF-
Bz orientation. The identiﬁcation of mechanism is com-
plex.
7. The TIME-GCM simulation results have been included
in Figs. 5 and 6. Both similarities and differences from
the observed results are noted. The relative effects of
prompt penetration and disturbance dynamo E-ﬁelds re-
quires further study.
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